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Introduction {#sec001}
============

Gastrointestinal motility disorders are due to congenital enteric nervous system abnormality, inflammation and endocrine disorders. Congenital disorders are representative in the field of pediatric surgery. Hirschsprung disease (HD), a congenital gastrointestinal (GI) tract disorder, causes severe constipation due to colonic dysmotility. Absence of enteric ganglion cells originating from neural crest cells (NCCs) is its main feature, and is caused by arrest of the craniocaudal migration of NCCs during development \[[@pone.0150579.ref001]--[@pone.0150579.ref005]\]. The enteric nervous system (ENS) is derived from vagal and sacral neural crests, and innervates into the GI tract. Cells of the ENS undergo extensive migration, proliferation, differentiation, and survival \[[@pone.0150579.ref006]\].

Newborn patients suffering from HD have no or limited numbers of ganglion cells in a part of or the entire large intestine or in antecedent parts of the GI tract. The symptoms of HD include failure of meconium evacuation and constipation. The standard therapy for HD is a surgical operation, referred to as pull-through procedure. Even after this surgery, some HD patients continue to suffer from constipation or insufficient evacuation \[[@pone.0150579.ref007]\]. There is no definitively reparative procedure for HD patients whose aganglionic lesion extends to the stomach or esophagus. Strategies for the development of novel therapeutic approaches are thus needed if a fundamental cure is to be achieved.

Our research group focuses on cell transplantation as a new candidate therapeutic approach in HD. However, the limited range of mouse models remains a significant problem in HD research. The following features are important for any model intended for use in the evaluation of the effects of cell transplantation; 1) reliable deletion of ganglion cells; 2) consistent symptoms of dysmotility; 3) sufficient length of survival; 4) simple procedure for model generation. Several genetically induced dysmotility models with aganglionic GI tracts have been reported; however, all have limitations, in that the short lifespans of the resultant animals prevent the evaluation of long-term functional bowel recovery.

More recently, the *Ret*^9/-^ mouse strain was generated, and this model overcomes the problem of reduced life span \[[@pone.0150579.ref008]\]. It also offers the advantage of allowing the visualization of the ENS network through the fluorescent protein Cyan knocked into the *Ret* gene. Although this strain closely mimics the natural history of HD, the limited penetrance and length of aganglionic segment make it difficult to evaluate cell transplantation efficiency. Model mice with an ENS-specific ablation and a long life span, designated as a form of chemically-induced HD model or BAC model \[[@pone.0150579.ref009], [@pone.0150579.ref010]\] have been described previously. The ganglion cells of the colon are reliably and selectively ablated, mimicking a clinically important symptom of HD \[[@pone.0150579.ref011]\]. In this study, we used a chemically-induced model to generate aganglionosis, seeking to take advantage of its irreversibility and reproducibility.

In order to visualize the aganglionic segment in live animals using this model, we applied BAC treatment to a transgenic line in which the ENS is labeled with green fluorescent protein (GFP) (P0-Cre/GFP mouse) \[[@pone.0150579.ref012]--[@pone.0150579.ref015]\]. Here we established a chemically-induced aganglionosis mouse model with a fluorescence-labeled enteric neural network. This model enables us to observe the aganglionic segment in the living state, and to evaluate pathological and functional abnormalities over long periods.

Materials and Methods {#sec002}
=====================

Animals {#sec003}
-------

A transgenic mouse expressing Cre-recombinase under the control of protein zero (P0) promoter (P0-Cre) were mated with EGFP reporter transgenic mouse (CAG-CAT-EGFP) to obtain a P0-Cre/CAG-CAT-EGFP (P0-Cre/GFP) double-transgenic strain, in which neural crest derivatives are labeled with GFP within various tissues, including the ganglion cells of the GI tract \[[@pone.0150579.ref012]--[@pone.0150579.ref017]\]. This animal experiment (approval number: 09125, issued date: August 1. 2012) was fully approved by the Keio University Institutional Animal Care and Use Committee in accordance with the Institutional Guidelines on Animal Experimentation at Keio University.

Chemically-Induced Aganglionosis Model {#sec004}
--------------------------------------

Male P0-Cre/GFP mice (four weeks old, *n* = 75) were deeply anesthetized using isoflurane (Abbott co, Japan). Laparotomy with a midline skin incision and a preparation of small window (about 5 mm diameter) were prepared on the avascular area of the mesentery. Approximately 10 mm of the sigmoid colon, approximately 3 cm from the anal verge, was wrapped with a piece of filter paper (10 × 15 mm) soaked in 0.1% benzalkonium chloride (BAC, NIHON PHARMACEUTICAL CO, Japan) in saline for 15 min. An additional 100 μl of 0.1% BAC solution was added every 5 min on the filter paper to counter dry-up. After removal of the filter paper, the chemically-treated colon and abdominal cavity were thoroughly washed with 10 ml of sterile saline. At the end of surgery, the wound was stitched in layers. The peritoneum and skin were closed with interrupted sutures using a 6--0 nylon thread. The mortality rate after BAC treatment was 12.0% (9 deaths out of 75 model mice).

Live Visualization of Ablated Enteric Plexus by fluorescence {#sec005}
------------------------------------------------------------

Model mouse was deeply anesthetized using isoflurane (Abbott co, Japan) and performed laparotomy with a midline skin incision. The aganglionic segment was confirmed during and immediately after this operation, and seven days after BAC treatment under a fluorescence microscope (SVX10, Olympus) as GFP defect area. To confirm the effect of BAC treatment, the same individual model mouse was deeply anesthetized and examined by laparotomy several times.

Histological Evaluation with Immunostaining {#sec006}
-------------------------------------------

Histological analyses were performed as described \[[@pone.0150579.ref018]\]. In brief, deeply anesthetized mice were perfused with 0.1 M PBS and 4% PFA in 0.1 M PBS, pH 7.4 and post-fixed with the same fixative. The mucosal epithelium was removed and an enteric plexus was exposed. Direct fluorescence without immunostaining was examined under a fluorescence microscope (SVX10, Olympus, BZ-9000, and Keyence). The specimens were incubated with primary antibodies for 12 hours at 4°C, followed by incubation with secondary antibodies for one hour at room temperature. Secondary antibodies conjugated with Alexa 488, Alexa 555, or Alexa 647 (Invitrogen) were used to recognize specific primary antibodies along with nuclear staining (10 μg ml --^1^, Hoechst 33258, Sigma). The stained samples were observed with a confocal laser scanning microscope (LSM700, Carl Zeiss).

The primary antibodies used in this study were rabbit polyclonal PGP 9.5 (1:1000, Ultra Clone), rat monoclonal anti-GFAP (1:500, Invitrogen), rabbit polyclonal anti-GFP (1:500, MBL), goat polyclonal anti-GFP (1:250, Rockland), anti-CD31(1:500, BD), anti-αSMA (1:500, Sigma), AIC (anti-ICC antibody, 1:250, Cosmo Bio), rabbit polyclonal anti-CGRP (1:1000, BioMol), rabbit polyclonal anti-SubP (1:1000, Immunostar), rabbit polyclonal anti-VAChT (1:1000, Sigma), sheep polyclonal anti-TH (1:2000, Millipore). Alexa 488/555/647 conjugated donkey anti-goat IgG, donkey anti-mouse IgG, donkey anti-rabbit IgG, and goat anti-rat IgG (1:1000, Invitrogen).

Apoptosis Detection {#sec007}
-------------------

The ApopTag kit (Merck Millipore co.), which detects single- and double-strand breaks associated with apoptosis (TUNEL assay) was used to evaluate apoptotic activity. Specimens were incubated with equilibration buffer for 10 sec at room temperature, and incubated with TdT enzyme for 1 h at 37°C with labeling by digoxigenin-dNTP. By stopping the reaction with stop solution for 10 min followed by washing 3 × with 0.1 M PBS, samples were stained with rhodamine conjugated anti-digoxigenin antibody for 30 min and washed 4 × with 0.1 M PBS at room temperature.

Functional Analysis of the GI motility {#sec008}
--------------------------------------

To functionally evaluate GI motility and constipation, we monitored remaining stool weight, bead expulsion time, body weight change, fecal pellets and food intake. To minimize the influence of the surgical operation, the same operation without BAC treatment was performed for the control group. Remaining stool weight (aganglionosis model *n* = 5, controls *n* = 5) was measured at eight weeks after BAC treatment. Just before the histological evaluation, approximately 50 mm lengths of fixative perfused colon was dissected and measured using a digital scale. The BAC treated area was located on the edge of the anal slide in the examined colon with remaining stool. Beads expulsion time (aganglionosis model *n* = 5, controls *n* = 5) was carried out as described previously \[[@pone.0150579.ref019], [@pone.0150579.ref020]\]. Briefly, 2 mm diameter beads were inserted in the colon using a plastic tip about 2 cm away from anus without anesthesia. Expulsion time was measured *in vivo* every 30 minutes after insertion as a measure of transition latency in the colon. Changes in body weight, fecal pellet count, and food intake in the model mice (aganglionosis model *n* = 25, controls *n* = 25) was measured for eight weeks. Animal weights of each week were measured twice using a digital scale (A&D, Japan), and the heavier was selected. The number of daily fecal pellets for each group (aganglionosis model *n* = 25, controls *n* = 25) was measured twice per week. Pellets were picked up individually, all bedding was removed and the pellets were dried at room temperature until feces were separated from each other. Daily food consumption was calculated by subtracting the measured weight of food from the amount measured the previous day (aganglionosis model *n* = 25, controls *n* = 25).

Results {#sec009}
=======

Fluorescence Labeling of Enteric Plexus in Intact Colon of P0-Cre/GFP Mouse {#sec010}
---------------------------------------------------------------------------

We employed the neural crest lineage-labeled mice to visualize the enteric plexus with a fluorescent protein *in vivo*. The P0-Cre/GFP double transgenic strain was obtained by intercrossing between a Cre recombinase-expressing line under the control of the P0 promoter (P0-Cre) and a GFP reporter line (CAG-CAT-EGFP) ([Fig 1A](#pone.0150579.g001){ref-type="fig"}) \[[@pone.0150579.ref012], [@pone.0150579.ref014]\]. In this strain, neural crest derivatives are labeled with EGFP in various tissues, including the GI tract ([Fig 1B](#pone.0150579.g001){ref-type="fig"}) \[[@pone.0150579.ref013]\]. To confirm GFP-expressing cell types in the colon in this strain, we performed immunohistochemical analysis in 4-week-old mice. It shows the GFP-positive network, comprising descendants of the neural crest, labeled with the neural marker PGP 9.5 and GFAP-positive glial cells ([Fig 1C](#pone.0150579.g001){ref-type="fig"}). Another important population of cells, the interstitial cell of Cajal (ICC), which contribute to pace-making in gut contraction, are recognized by the AIC antibody \[[@pone.0150579.ref021]\]. The AIC-positive cells did not overlap with GFP, and localized around the GFP-positive ganglion cell networks ([Fig 1D](#pone.0150579.g001){ref-type="fig"}). Thus, the enteric neural plexus is clearly visualized with fluorescence in the P0-Cre/GFP double transgenic mouse strain. We have carried out the immunostaining to label parasympathetic nerves with P0-Cre/GFP mouse gut, as follows. To investigate the subtype of the GFP^+^ cells in P0-Cre/GFP gut, the staining for the subtype specific markers including calcitonin gene-related peptide (CGRP), substance P (SubP), vesicular acetylcholine transport protein (VAChT) ([S1A--S1C Fig](#pone.0150579.s001){ref-type="supplementary-material"}) and tyrosine hydroxylase (TH) ([S1D Fig](#pone.0150579.s001){ref-type="supplementary-material"}). GFP expression was not detected in CGRP^+^, SP^+^, VAChT^+^ but partially detected in TH^+^ cells. These results indicate that GFP in this model mainly labels the components of the enteric nervous system that migrated from vagal neural crest and a part of extrinsic sympathetic nerve fibers.

![Fluorescence Labeling for Enteric Plexus in Intact Colon of P0-Cre/GFP Mouse.\
(A) P0-Cre/GFP mouse is a double transgenic mouse crossed between P0-Cre and CAG-CAT-EGFP transgenic strains, in which NCCs are labeled with GFP. NCCs were permanently labeled with ubiquitous promoter driven GFP induced by the transient activation of Cre-recombinase under the control of the P0 promoter. (B) At embryonic day 10.5 (E10.5), GFP positive cells are specifically localized in the craniofacial area and dorsal root ganglia (DRG) in live mouse embryo. (C) GFP-positive network structure of enteric ganglia originated from NCCs was observed in the intact colon of adult P0-Cre/GFP mouse. GFP-positive ganglion cells showed the expression of neural marker PGP 9.5 along with the GFAP positive glial cells confirmed with immunohistochemistry. (D) AIC antibody, which recognizes the interstitial cell of Cajal, was not colocalized with the GFP. Scale bars: (B) 500 μm, (C) 50 μm, (C) 20 μm](pone.0150579.g001){#pone.0150579.g001}

Live Visualization of Ablated Enteric Plexus by GFP {#sec011}
---------------------------------------------------

To reveal alterations of the enteric neural network, we applied BAC treatment to obtain a newly customized aganglionosis model in P0-Cre/GFP mice, to enable live fluorescence imaging of the network *in vivo*. The GFP-positive network was diminished immediately after BAC treatment. Under high magnification (× 10 objective), the live intact enteric plexus can be clearly visualized with green fluorescence ([Fig 2A](#pone.0150579.g002){ref-type="fig"}) and the ablated part two days after BAC treatment can be easily distinguished under a fluorescence microscope ([Fig 2B](#pone.0150579.g002){ref-type="fig"}).

![Live Visualization of Ablated Enteric Plexus by GFP.\
(A-E) In the live animal colon, ablation of the enteric plexus was clearly observed via uneven localization of GFP with P0-Cre/GFP mouse (A and B). In an intact colon (A), live enteric neural network consists from GFP positive ganglion cells originated from the neural crest was visualized with fluorescence without any fixation or staining. In a chemically-treated live colon (B), the junction between intact and ablated site can be detected (arrowheads in B). (C) During BAC-treatment with filter paper, the changes of the ENS network are clearly visualized with GFP. (D) Fifteen minutes after ablation, disappearance of the enteric plexus was confirmed under a fluorescence microscope. (E) Seven days after treatment, the change of the enteric ganglion network was continuously monitored by re-anesthetizing the same animal. (F) Direct GFP fluorescence clearly demonstrated the chemically-induced change of the enteric neural network just after the fixative perfusion followed by the removal of the epithelium. Arrowheads: junction between normal and ablation site, Scale: (B) 50 μm, (E), 200 μm, (F) 1 mm](pone.0150579.g002){#pone.0150579.g002}

To monitor changes to the ENS after BAC treatment, the same mouse was observed following BAC treatment with repeated anesthesia. Depending on changes in the GFP^+^ network, the ablated region on the colon could be clearly observed while applying BAC ([Fig 2C](#pone.0150579.g002){ref-type="fig"}) and 15 minutes after treatment ([Fig 2D](#pone.0150579.g002){ref-type="fig"}). By re-anesthetizing the same animal, the ENS changes can be captured seven days after the operation ([Fig 2E](#pone.0150579.g002){ref-type="fig"}). Fluorescence visualization of the ENS *in vivo* enables us to follow up the change of GI plexus in the identical animal by using this P0-Cre/GFP strain. To evaluate the direct effects of BAC treatment on GFP, the change in fluorescence intensity was observed under a fluorescence microscope before and after BAC treatment on fixed GFP-positive cells. The comparison between the BAC-treated and -untreated control gut showed a slight decrease in GFP intensity following BAC treatment ([S3 Fig](#pone.0150579.s003){ref-type="supplementary-material"}). We suggest that the rapid loss of GFP in [Fig 2D](#pone.0150579.g002){ref-type="fig"} (15 minutes) is not mainly due to the disappearance of the GFP marker, but rather the disappearance of GFP^+^ cells. An approximately 10 mm length of aganglionic segment was constantly prepared in the chemically-induced model mice. To observe the enteric plexus condition two weeks after BAC treatment, aganglionic segment of the colon was observed without immunostaining after fixative perfusion and the wholemount tissue preparation with epithelium removed ([Fig 2F](#pone.0150579.g002){ref-type="fig"}). The mean length of aganglionosis in the colon of our chemically ablated models was constant between 8.2 and 16.5 mm (mean length: 12.2 ± 2.7 mm, n = 7) with 10 mm length of filter paper. The length of aganglionosis can easily be modified by the size of the filter paper in our model, which means that it is possible to control the degree of severity.

In the living animal, the ablated portion of the chemically-induced aganglionosis model was clearly visualized *in vivo*.

Effects of Chemical-Treatment Confirmed by Immunostaining {#sec012}
---------------------------------------------------------

In order to identify the cell type-specific effect of BAC treatment in the colon, immunohistochemistry was carried out using anti-GFP antibody and various cell type-specific markers. In wholemount tissue preparations from P0-Cre/GFP colon two weeks after ablation, the GFP-positive neural network co-labeled with PGP 9.5 along with the GFAP-positive glial network were completely ablated ([Fig 3A](#pone.0150579.g003){ref-type="fig"}). In addition to the enteric plexus, AIC-positive ICC was also decreased in the treated area ([Fig 3B](#pone.0150579.g003){ref-type="fig"}). Vascular endothelial cells and smooth muscle cells showed almost no damage in chemically treated colons ([Fig 3C and 3D](#pone.0150579.g003){ref-type="fig"}).

![The Effects of BAC Treatment Confirmed by Immunostaining.\
Two weeks after BAC treatment, immunohistochemically evaluated the GFP-positive NCCs and various markers in the lesion sites. (A-D) NCCs stained with GFP antibody was entirely deleted from the BAC treated colon (A). Not only PGP 9.5-positive enteric ganglion cells, but also GFAP-positive glial cells were disappeared (A). Additionally, pacemaker cells, known as interstitial cells of Cajal (B), were also absent from the lesion sites. (C, D) No obvious defects were observed with the CD31-positive endothelial cells (C) and the αSMA-positive smooth muscle cells (D) in the ablated area. (E) Not in the intact colon, but in the BAC treated colon, the apoptosis marker was frequently detected by the ApoTag kit one day after BAC treatment. (F) Time course dependent change of the ablated segment was demonstrated that the enteric neural networks were irreversibly absent for 8 weeks after the BAC application. (G) At this time point (8 weeks), ICC was also irreversibly absent, similar to the case in the ENS networks. Scale: (A-D, F) 50 μm, (E, G) 20 μm](pone.0150579.g003){#pone.0150579.g003}

To confirm whether the cells survived or not in the ablated area, apoptosis detection was carried out for 24 hours after BAC application. Only the chemically treated group demonstrated a large number of apoptotic cells in the layer of the neural plexus in the colon ([Fig 3E](#pone.0150579.g003){ref-type="fig"}). To identify the cell type specificity of the apoptotic cells, we immunostained the ENS 12 hours after chemical treatment. By the time point, cells highly positive for an apoptosis marker had already lost the expression of neuronal marker, and slightly positive cells were also labeled with a smooth muscle marker ([S2 Fig](#pone.0150579.s002){ref-type="supplementary-material"}). These results suggest that the ganglion cells died by apoptosis, and that a limited number of smooth muscle cells was also damaged by chemical treatment. The alteration of ablated GFP^+^ cells was irreversibly observed for 2--8 weeks after surgery ([Fig 3F](#pone.0150579.g003){ref-type="fig"} and [S4 Fig](#pone.0150579.s004){ref-type="supplementary-material"}). In addition, the ICC was also irreversibly ablated eight weeks after BAC treatment, which we confirmed by immunostaining with AIC antibody, as in the neural networks, above ([Fig 3G](#pone.0150579.g003){ref-type="fig"}).

Neural cells, glial cells and ICC were completely ablated by apoptosis after chemical treatment, but most of the endothelial cells and smooth muscle cells were survived.

Quantitative Evaluation for Functional Alteration of GI Tract {#sec013}
-------------------------------------------------------------

To investigate the GI tract function of this aganglionosis model, the remaining stool weight, bead expulsion time, body weight change, fecal pellet count and food consumption were evaluated. Eight weeks after treatment, the aganglionosis model had a narrow segment and dilated colon at the proximal side of the chemically treated area ([Fig 4A](#pone.0150579.g004){ref-type="fig"}). Stool retention was often observed in the area proximal to the treated segment. The remaining stool weight of the aganglionosis model (*n* = 5) was significantly higher than that of the control group (*n* = 5) (*p* \< 0.001, in [Fig 4B](#pone.0150579.g004){ref-type="fig"}). Bead expulsion time from the colon was also measured to evaluate the disturbance of defecation. The transient time of bead from the colon of the aganglionosis was significantly delayed compared to that of the control mice (*p* \< 0.01, in [Fig 4C](#pone.0150579.g004){ref-type="fig"}). The ratio of body weight gain in the aganglionosis model (*n* = 25) was significantly smaller than that in the control (*n* = 25) from five weeks after chemical-treatment or later (*p* \< 0.05, in [Fig 4D](#pone.0150579.g004){ref-type="fig"}). The weekly fecal pellet count of the aganglionosis model was significantly smaller than that in the control group (*n* = 25) from six weeks after BAC treatment or later (*p* \< 0.05, in [Fig 4E](#pone.0150579.g004){ref-type="fig"}). Significant reduction of the weekly food consumption in the model (*n* = 25) was also detected compared to the control group at seven weeks after surgery (*n* = 25) (*p* \< 0.05, in [Fig 4F](#pone.0150579.g004){ref-type="fig"}).

![Functional Alteration of the GI Tract Was Quantitatively Evaluated.\
Significant functional defects from the dysmotility of the colon were observed over time after the surgery. Remaining stool weight, beads expulsion time, body weight, fecal pellet count and food consumption scaling was carried out in the chemically-treated group, with the sham operated group as a control. (A, B) Appearance of the dilated and constipated colon was demonstrated in (A). The stool weight remaining in the chemically treated mice colon (*n* = 5) was markedly heavier than that in control (*n* = 5). (C) The bead expulsion time was measured for evaluating the transition latency of the colon. The excretion period of the beads from the anus in the aganglionosis model (*n* = 5) was significantly delayed compared to control (*n* = 5). (D) Body weight gain was evaluated for eight weeks after the operation, and the ratio was significantly smaller in BAC group (*n* = 25) than that in control (*n* = 25). Values are calculated on the basis of the weight from the date of surgery (4-week-old). (E, F) Fecal pellet count and food consumption were measured for eight weeks after the operation. Significantly reduced fecal pellet count and food consumption were observed in the BAC group (*n* = 25) than in the control group (*n* = 25). Double-headed arrow: BAC treated region, Arrows: time point of BAC treatment, \* *p* \< 0.05, \*\* *p* \< 0.01, \*\*\* *p* \< 0.0001, Error bars: standard error.](pone.0150579.g004){#pone.0150579.g004}

All these results indicate that functional defects in the aganglionosis model were quantitatively confirmed following treatment.

Conclusions {#sec014}
-----------

We developed a customized aganglionosis model using P0-Cre/EGFP mouse, in which neural crest lineage cells are labeled with GFP. This model enabled us to observe the live ENS network with GFP-derived fluorescence and to evaluate functional defects of the GI tract. This model may be useful for exploring the novel regenerative therapies for aganglionic disorders of the GI tract.

Discussion {#sec015}
==========

To explore the new therapy for the patients suffering from GI motility disorder, it is quite essential to develop a useful aganglionosis model optimized for research. We employed the NCC lineage tracking P0-Cre/GFP mouse to generate a chemically induced aganglionosis mouse (Figs [1](#pone.0150579.g001){ref-type="fig"} and [2](#pone.0150579.g002){ref-type="fig"}). This model of aganglionosis model offers a number of advantages over other currently available models. First, aganglionic segments are recognized by the disappearance of fluorescence during the surgical operation immediately after the removal of filter paper with BAC ([Fig 2A--2C](#pone.0150579.g002){ref-type="fig"}). Second, the simple procedure makes it relatively straightforward to consistently generate an experimentally useful aganglionosis model (Figs [2](#pone.0150579.g002){ref-type="fig"} and [3](#pone.0150579.g003){ref-type="fig"}). Third, functional alteration of the GI tract can be evaluated reproducibly thanks to the longer survival period ([Fig 4](#pone.0150579.g004){ref-type="fig"}).

Recent progress of the stem cells research suggested the novel therapeutic approaches against various incurable diseases such as gastrointestinal motility disorder. The stem cell therapy for motility disorders tried to apply not only for the gastroparesis, achalasia but also for the HD \[[@pone.0150579.ref004], [@pone.0150579.ref006], [@pone.0150579.ref022]\]. Previous studies reported that stem cells of central nervous system transplanted into the stomach of adult mice \[[@pone.0150579.ref022]\]. Some researchers showed that neural crest stem cells isolated from embryonic mice gut formed ENS like clusters containing neuron and glial marker positive cells in wild type mice \[[@pone.0150579.ref023], [@pone.0150579.ref024]\]. The challenges with the stem cell transplantation therapies against GI motility disorders are promising candidate by replacing or supplementing the neurons for the aberrant ENS network.

The biggest advantage of this model is the ability to visualize the ENS *in vivo*. This enables us to confirm whether we succeeded in making the chemically-induced aganglionosis model or not before the surgical suture by detecting the disappearance of the fluorescent from ENS, which can lower experimental failure rates and reduce unnecessary sacrifice of animals. This advantage also supports the chance of enhancing the precise cell transplantation owing to the clear identification of aganglionic segment under the fluorescence microscope. While screening for investigating some effective agents to ENS regeneration, we can quantitatively detect the effectiveness with living animal over the time. Additionally, it might be able to observe cell-cell interaction between the transplanted cells and original ENS network by using multiple fluorescence color labeling.

This model is easy to generate using simple techniques. Approximately 10 mm of the sigmoid colon, approximately 30 mm from the anal verge, is wrapped with a piece of filter paper soaked in 0.1% BAC in saline for 15 min. We suggest that this simple procedure will readily be applied to other genetically modified mouse strains, and that the aganglionic phenotype can be modified by changing the length of the chemically treated segment. With respect to the chemical treatment, one previous study reported that the minimum required treated segment length is about 5 mm, to prevent spontaneous recovery \[[@pone.0150579.ref025]\]. To obtain a sufficient length of the complete aganglionic portion in the colon, we chose to apply BAC to a 10 mm segment. Immunohistochemistry analysis for the center of the aganglionic segment eight weeks after surgery found no evident spontaneous regeneration, consistent with previous reports \[[@pone.0150579.ref010], [@pone.0150579.ref025]\]. When a 20 mm aganglionic segment in the colon was produced, the mice frequently died (over 80%) within two weeks, due to severe constipation and colon perforation. These results resembled those from a previous report of mortality rates influenced by the length of the aganglionic segment in another motility disorder model.

Previously, several motility disorder genetically induced HD models with aganglionic GI tracts have been reported; however, all have limitations, in that the short lifespans of the resultant animals prevent the evaluation of long-term functional bowel recovery. Mice of the *Ret-* and *glial cell line-derived neurotrophic factor (GDNF)*-deficient strains die soon after birth due to kidney dysplasia secondary to abnormalities in the RET-GDNF family receptor alpha 1 (GFRα1)/GDNF pathway \[[@pone.0150579.ref026]\]. The piebald-lethal mouse, carrying a mutation in the endothelin-B receptor, develops megacolon with a long aganglionic segment and dies within several weeks after birth due to severe constipation \[[@pone.0150579.ref027], [@pone.0150579.ref028]\]. The mean length of aganglionic colon of our BAC model was similar to some genetically induced HD model, for example, piebald lethal mice with a long lifespan. The length of our model was pretty consistent between 8.2 and 16.5 mm (mean length: 12.2 ± 2.7 mm). The length of aganglionosis in homozygous piebald lethal mice was between 12.3 and 27 mm (mean length: 20.4 ± 2.1 mm) and that in heterozygous mice was between 8.3 and 16.1 mm (mean length: 12.4 ± 1.1 mm) \[[@pone.0150579.ref027]\]. On the other hand, the study with other model with longer life span, Ret9/-, has shorter aganglionic segment less than 3 mm in moderate cases \[[@pone.0150579.ref008]\]. As for the continuity from the anus, most genetically induced HD models have continuous aganglionic segment. By contrast, drug induced model has arbitrarily-distributed aganglionosis region anywhere in the colon with arbitrarily-sized. Some researchers have also shown that if the aganglionic colon was created within the suitable length, chemically treated mice can survive 3--5 months or more \[[@pone.0150579.ref029], [@pone.0150579.ref030]\]. More recently, the *Ret*^9/-^ mouse strain was generated, and this model overcomes the problem of reduced life span. It also offers the advantage of allowing the visualization of the ENS network through the fluorescent protein Cyan knocked into the *Ret* gene. The phenotype in this model was observed with a penetrance of about 46% and over aganglionic segments of inconsistent length. The limited penetrance and length of aganglionic segment might make it difficult to evaluate cell transplantation efficiency. It was previously reported that a chemically-induced aganglionosis model mice have a longer life span due to an ENS-specific ablation \[[@pone.0150579.ref009], [@pone.0150579.ref010]\]. The reported mechanism of action for this approach is that a BAC acts as a cationic surfactant that attaches to the cell membrane, showing irreversible depolarization and causing cell membrane injury \[[@pone.0150579.ref010]\]. As a result, the ganglionic cells of the colon are reliably and selectively ablated, mimicking a clinically important symptom of motility disorder of GI tract \[[@pone.0150579.ref011]\].

This model also poses a number of limitations. First, chemically induced aganglionosis is not a mimic of HD pathogenesis, because the cause of HD is not injury. In the typical HD, absence of ENS is not capable of regeneration and ICC preserved. Second, certain invasive operations are required to investigate the *in vivo* ENS network, such as anesthesia and laparotomy for accessing the GI tract with the same animal continuously.

Compare to the HD model, previous study reported that the ENS in this model is selectively ablated; however the present study demonstrated another cell types are also damaged. Not only neural lineage cells, but also the glial cells, ICC, and smooth muscle cells were affected in the chemically-treated GI tract by immunohistochemical evaluation ([Fig 3](#pone.0150579.g003){ref-type="fig"} and [S2 Fig](#pone.0150579.s002){ref-type="supplementary-material"}). Previously, ones described that they observed regeneration of nerve fibers in the edge of chemically-treated area and the others found that glial cells migrate into the chemically-treated region \[[@pone.0150579.ref030]\]. In this study, our observation focused on the center area of ablation to escape from the contamination of the spontaneous recovery ([Fig 3F and 3G](#pone.0150579.g003){ref-type="fig"}). Our data demonstrated in this study confirmed that this chemically-induced model mouse have certain length of complete aganglionic portion for several month. This model showed there was no obvious change with vascular system and smooth muscle in the immunostaining ([Fig 3C and 3D](#pone.0150579.g003){ref-type="fig"}). Our apoptosis marker study showed that there was strong expression of apoptosis marker in an area where neural marker was previously positive between the smooth muscle layers ([S2 Fig](#pone.0150579.s002){ref-type="supplementary-material"}). It seemed that limited number of smooth muscle cells showed the slight positive for apoptosis. These results strongly suggested that BAC treatment affected not only on neuron but also on other types of cells including glial cells, ICC and smooth muscles. Neuron and glial cells seemed to be more easily damaged than the smooth muscle by chemical treatment ([Fig 3A--3D](#pone.0150579.g003){ref-type="fig"}). Limited number of human patients suffering from repeated enterocolitis and from the enterocolitis with HD often showed the loss of ICC due to chronic inflammation of the intestine \[[@pone.0150579.ref031], [@pone.0150579.ref032]\]. Thus, the phenotypes of our chemically induced model show a slight overlap with the clinical symptoms.

We performed several functional evaluations. The remaining stool weight in the colon ([Fig 4A and 4B](#pone.0150579.g004){ref-type="fig"}) and bead expulsion time ([Fig 4C](#pone.0150579.g004){ref-type="fig"}) indicated a significant change after constipation. When we sacrifice this model for obtaining specimens with the histological evaluation, we noticed that massive stools were frequently remained in the colon in this model. It's really true that the remaining stool scaling in the colon is not a typical functional analysis; stool weight change is quite consistent and easy to carry out. The limitation of this evaluation was that there were big difficulties for detecting the time course dependent change of the remaining stool weight. We also carried out the well-known functional analysis including bead expulsion time \[[@pone.0150579.ref019], [@pone.0150579.ref020]\], body weight increasing rate, fecal pellet count and food consumption. Each analyses demonstrated a certain differences, however, remaining stool weight and bead expulsion time were the appropriate analysis especially for this aganglionosis model because of the obvious differences in the early period of the experiment.

In summary, we have developed a useful aganglionosis model using P0-Cre/GFP mouse, in which neural crest lineage cells are labeled with GFP. This model enabled us to observe the live ENS network with GFP-derived fluorescence and to evaluate functional defects of the GI tract, and may be useful for exploring the effects of innovative regenerative therapies for motility disorders.

Supporting Information {#sec016}
======================

###### The GFP expression in the autonomic nerve in P0-Cre/GFP mouse gut.

The subtype of the GFP^+^ cells in P0-Cre/GFP mouse gut evaluated by immunohistochemistry with the specific markers for parasympathetic and sympathetic nerve fibers. (A-C) CGRP, SubP and VAChT, parasympathetic nerve markers, did not colocalize with GFP in P0-Cre/GFP gut. (D) The limited number of TH^+^ fibers colabelled with GFP, which indicated that the sympathetic nerves partially labeled with GFP. Scale bars, 20 μm

(TIF)

###### 

Click here for additional data file.

###### Cell type specificity of the apoptotic cells.

ENS in the gut at 12 hours after chemical treatment was immunostained with the markers for ganglion cells, smooth muscle and apoptosis. The ganglion cell aggregation was highly positive for apoptosis marker, but negative for neuronal marker located between the smooth muscle layers. A limited number of smooth muscle cells (arrowheads) are weakly positive for apoptosis marker. Scale bar: 20 μm

(TIF)

###### 

Click here for additional data file.

###### Direct effect on GFP by the BAC application.

The direct BAC effect for the fluorescence protein itself was evaluated with the fixed GFP^+^ cells with or without BAC application. The GFP intensity was slightly decreased after the BAC treatment observed with the fluorescence microscope. Scale bar, 20 μm

(TIF)

###### 

Click here for additional data file.

###### The ablated ganglion cells in myenteric and submucosal plexus.

\(A\) In the intact colon, PGP9.5 positive ganglion cells and GFAP positive glial cells were localized both in the myenteric plexus and in the submucosal plexus. (B) After the chemical treatment, ganglion cells and glial cells are disappeared from the all layer at the center region of the ablated colon. Dotted white lines: edge of the smooth muscle layer, Scale bar: 50 μm

(TIF)

###### 

Click here for additional data file.
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